Thermoelectrics (TE) materials manifest themselves in direct conversion of temperature differences to electric power and vice versa. Despite remarkable advances have been achieved in the past decades for various TE systems, the energy conversion efficiencies of TE devices, which is characterized by a dimensionless figure-of-merit ( nanotwin with the previously widely used nanocrystalline approach, the power factor of the Si nanotwin-nanocrystalline heterostructures is enhanced by 120% compared to bulk crystalline Si, while the lattice thermal conductivity is reduced to a level well below the amorphous limit, yielding a theoretical limit of 0.43 for ZT coefficient at room temperature.
Introduction
Thermoelectric (TE) devices enable solid-state cooling to replace cumbersome vapor-compression cycle technologies as well as electricity generation from a variety of waste heat sources such as industries and vehicles [1] [2] [3] [4] . The performance of the TE materials is characterized by a dimensionless figure-of-merit (ZT) which can be written as ]. This conflicting requirement poses a material challenge, due to the strong coupling effect between the electronic and phononic transport. In general, development schemes to improve TE conversion efficiency in the past decades were guided by the concept of "phonon glasselectron crystal" [5] [6] [7] , i.e., reducing the lattice contribution to the thermal conductivity as closely as possible to an amorphous state, while keeping relatively high electrical conductivity and Seebeck coefficient 8 . Nanostructuring the existing bulk TE materials has been proved to be a quite efficient way to obtain decent thermoelectric performance 1, 4, [9] [10] [11] [12] [13] [14] [15] [16] [17] , due to the faster reduction of the lattice thermal conductivity than the slower decrease of PF, which means the thermal conductivity could approach the lowest possible value, while the PF of nanostructured materials might not be the largest yet (at least currently it is generally smaller than that of the bulk counterpart). Therefore, there is still plenty of room to improve the ZT value further via nanostructuring.
Recently, experimental results 18 show that a special grain boundary in materials, the twin boundary (TB), can enhance the current transport properties in cubic CdTe. Considering the similarity among all the diamond-like structures and experimental feasibility of generating TB in such structures [18] [19] [20] [21] , an idea is inspired: by introducing TB into diamond-like semiconductors such as CdTe, Si, Ge, SiC, BN and BeO, the PF could be maintained or even increase. Since it is easy to know the phonon transport can be hindered by the TB due to the phonon-twin boundary scattering, the electronic and phononic transport could be decoupled (the so-called bottleneck problem for thermoelectrics) and thus can be modulated in opposite direction, if the twin boundary is used in thermoelectrics.
In this Letter, by combining first-principle calculation, Boltzmann transport equation (BTE) and classical molecular dynamics (MD) simulations, we perform a proof of concept computer experiment and provide evidence that the PF can be improved with respect to its bulk counterpart and the thermal conductivity can be decreased simultaneously by TB in the diamond-like semiconductors. Furthermore, by combining polycrystalline (normal grain boundary) and TB structures, we show that the thermal conductivity can be reduced down to extremely low values, eventually much lower than the amorphous limit, while the PF can be maintained to be at the same level or even enhanced compared to their counterpart. As a result, for the limit grain size (around 1 nm) that is achievable in experiment 22 , the ZT of Si can reach as large as 0.43 which is almost two orders of magnitude higher than that of bulk crystalline Si and twice of the polycrystalline Si.
Results and Discussion
Our model structure consists of perfect 3  TBs in Si which has coherent and mirror plane [(111) plane] symmetry, as shown in Fig. 1(a) . Si is chosen as the model system because the nanotwinned structures have been widely fabricated in experiments 21, 23, 24 . The atoms on the TB [red atoms in Fig. 1(a) ] are stacking in the hexagonal crystal structure and the bulk atoms [yellow atoms in Fig. 1(a) ] have the diamond crystal structure. Meanwhile, in order to explore the electronic structure of TB, the electronic density isosurface of TB is shown in Fig. 1(b) . The charge distribution on the TB (circle A in Figure 1b ) has been strongly altered with respect to a pristine diamond structure (circle B in Figure 1b A quite dense K points mesh, 15 , but it does not affect directly the comparison and conclusion since all the calculations are performed with the same method, which has been proved by previous studies 26, 28, 29 . All the results of ph  are calculated by Green-Kubo equilibrium molecular dynamics (GK-EMD) simulations [30] [31] [32] (details can be found in Sec. 4) , in which the interatomic interaction is described by . However, all of our results are calculated using the same methods and interatomic potential. Therefore, this overestimation is believed to have no impact on our comparison and conclusion. Now, we investigate the underlying mechanism that leads to the enhancement of Seebeck coefficient and electrical conductivity for the nanotwinned structure. It is well-known that the material parameter called the thermoelectric quality factor ( B )
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determines the optimized figure-of-merit 
in which, carrier n is the carrier density and Meanwhile, there is no surprise to find that the ph  is significantly reduced with respect to the bulk crystalline Si (results are listed in Supporting Information (SI) Section I), since the TB is actually a special kind of grain boundary and thus scatters the phonons. Finally, we can know that the ZT of Si-TBs can be augmented by as large as around 3 times (up to 0.01 at room temperature) compared to the bulk crystalline counterpart. Despite the large enhancement, the pure Si-TB structure is not a good thermoelectrics since the ph  is too high.
Thermoelectric Performance of Si Nanotwin Nanomembranes
Next, we combine the nanotwin concept with the method of nanostructuring to further enhance the thermoelectric performance. Note that the nanocrystalline materials with TBs inside the grains with diamond-like structure have been fabricated in experiments 19 . At first, the Si twin-boundary nanomembrane (denoted as Si-TBNM) is studied . At the same time, it is easy to know that ph  of the Si NT-NC HSs is even lower than that for the Si TBNMs with the same grain size. This is because in our models the grain boundary is rougher than the surface (SI Section III).
The Optimal Figure-of-merit of Si Nanotwin Nanocrystalline Heterostructures
The next question is: what is the maximum possible ZT value of the Si NT-NC HSs?
From Figs. 5(b) and 5(c), we find both PF and ph  are grain size dependent. This indicates that an optimal figure-of-merit of Si NT-NC HSs can be obtained by modulating the grain size. Fig. 5(c) shows that in the experimental limit of grain size 22 (around 1 nm), the ZT value of the Si NT-NC HSs can be as large as 0.43 at room temperature (theoretical limit), which means Si NT-NC HS could be the highest thermoelectric material among all the Si-based bulk structures reported so far, e.g. polycrystalline Si with grain size of 100 nm (ZT: ~0.033) 48 , , bulk SiGe alloy (maximum ZT: 0.08) 15 and nanostructured SiGe alloy (maximum ZT:
~0.16) 11, 17, 49 . Even when the grain size is increased to around 5 nm, which is the case that the bulk Si NT-NC HSs has already been fabricated in experiments 23 , the ZT value of the bulk Si NT-NC HSs (around 0.2) is still higher than most of traditional Si-based bulk thermoelectrics. It is also worth noting that the ZT value predicted in our paper is actually underestimated, which means the real ZT value of the bulk Si NT-NC HSs could be even higher in practice.
Conclusions
In conclusion, a new strategy based on lattice defect engineering is proposed to improve the thermoelectric performance of the diamond-structure semiconductors: simultaneously increasing the power factor and decreasing the thermal conductivity by introducing nanotwins. The enhancement of the power factor in nanotwinned structures is caused by two reasons: (1) Si nanocrystallines, surprisingly, the power factor of the Si nanotwin-nanocrystalline heterostructures can be even larger than that of bulk crystalline Si and the lattice thermal conductivity is well below the Casimir limit. As a result, the figure-of-merit of the heterostructure can reach as large as 0.43 at room temperature, which is two orders of magnitude improvement compared to bulk crystalline Si and even 53% higher than that for nanocrystalline Si. Our results suggest that incorporating nanotwin as structure engineering is a promising strategy for breaking the bottleneck in the semiconductor thermoelectrics through decoupling the electronic and phononic transport.
Experimental Section
Thermal Conductivity Calculation Using the EMD Simulations: The Green-Kubo (GK) method is used to utilized to predict the lattice thermal conductivity ph  of the NT and TBNMs, which can be calculated by integrating the time-dependent heat-flux autocorrelation functions (HFACF) through
where B k is Boltzmann constant, V is system volume, T is system temperature and  is auto-correlation time. The angular bracket means the ensemble average. J is the heat flux vector and has the expression of 51 , ; , , ;
in which i e is the energy of atoms, i v is the velocity of atoms, ij r is the distance between two atoms i and j, ij F and ijk F are the two-body and three-body force, respectively. A timestep of 0.05 fs is used for all systems. Firstly, 500 ps run with NPT (constant particles, constant pressure and constant temperature) ensemble is implemented to relax the structure.
Following equilibrium, 500 ps to 2 ns run is carried out with NVE (constant particles, constant volume without thermostat) ensemble.
The Effective Band Mass Calculation at CBM :
In order to understand the mechanism that causes the improvement of the electrical conductivity, we calculate the effective band mass of the CBM, e.g., Γ point and A point [ Fig. 2 ]. It is well-known that for an external electrical field the effective mass of a charger carrier is defined as
where i and j indicate the reciprocal components, and ( ) n E K is the dispersion relation for the n-th band. Meanwhile, for group III-IV semiconductors, the energy ( ) n E K of the wave vector K at the band minimum or maximum can be written as
Finally, the effective mass at the conduction band minima is calculated using finite difference method [https://github.com/afonari/emc]. 
